INTRODUCTION
Reactive oxygen species (ROS), including superoxide anion (O N{ 2 ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH N ) have many deleterious effects on living organisms, ranging from DNA-strand damage to peroxidation of membrane lipids (Imlay, 2003) . Sources of reactive oxygen intermediates are abundant, and include incomplete reduction of oxygen during respiration, exposure to radiation or to redox-active compounds, and the respiratory burst of phagocytes. Aerobic organisms, however, have developed several enzymic and non-enzymic mechanisms to detoxify these very active compounds. Enzymically, ROS are removed mainly by the action of superoxide dismutase, catalase, glutathione peroxidase, NADH peroxidase, and glutathione reductase.
Superoxide dismutases (SODs) are metalloenzymes that catalyse the conversion of O N{ 2 to H 2 O 2 and molecular oxygen, and therefore form one of the major defence mechanisms of the cell against oxidative stress (Hassan, 1989) . There are three main classes of SOD in bacteria, the manganese SOD (MnSOD, SODA), the iron SOD (FeSOD, SODB) , and the copper-zinc SOD (CuZnSOD, SODC). The presence of SODs in virtually all facultative and aerobic organisms and several anaerobes suggests that O does not react detectably with biomolecules (Imlay, 2002 (Imlay, , 2003 , characterization of mutants lacking cytosolic SOD has provided the first in vivo evidence that excess O N{ 2 causes DNA damage (Farr et al., 1986; Keyer et al., 1995 radical production (Gardner & Fridovich, 1992; Keyer et al., 1995; Keyer & Imlay, 1996) . O N{ 2 is a powerful oxidant that reacts with biomolecules, including DNA, at virtually diffusion-limited rates. Thus, the higher free iron levels in SOD mutants also explain why they are more sensitive to killing by H 2 O 2 than their wild-type counterparts (Carlioz & Touati, 1986) . This effect of H 2 O 2 can be blocked by cellpermeable iron chelators, confirming that the killing is mediated by Fenton chemistry (Imlay & Linn, 1988) .
Enterococcus faecalis, a Gram-positive facultative anaerobic bacterium, belongs to the normal part of the intestinal flora. It is emerging as a major component of hospital-acquired infections, such as urinary tract, surgical wound, abdominal, pelvic and neonatal infections. Furthermore, it is an important cause of endocarditis and of mortality due to enterococcal bacteraemia (Gilmore et al., 2002) . Many strains of Ent. faecalis are resistant to most antibiotics, and many have acquired resistance to vancomycin, rendering conventional therapies insufficient for serious infections (Kak & Chow, 2002) .
The oxidative stress response of Ent. faecalis has been analysed in our laboratory. Physiological experiments have revealed that this bacterium is able to strongly resist H 2 O 2 treatment, demonstrating that it is well equipped with antioxidant defences (Flahaut et al., 1998) . Ent. faecalis contains a single MnSOD that is induced by oxygen (Britton et al., 1978) . The purified enzyme has a mass of 45 kDa and is a homodimer. SOD has been shown to be a virulence factor for several pathogenic micro-organisms (Yesilkaya et al., 2000; Poyart et al., 2001; Narasipura et al., 2003 Narasipura et al., , 2005 Giles et al., 2005) . In this study, we constructed and characterized a sodA deletion mutant of Ent. faecalis. We show that MnSOD plays a central role in the oxidative stress response in this bacterium, and we present data indicating the presence of sophisticated mechanisms allowing Ent. faecalis to rapidly adjust its intracellular free-iron levels depending on the oxygen status of the environment. Finally, we show that the survival of the SODA mutant inside mouse peritoneal macrophages is severely affected.
METHODS
Reagents. Deferoxamine mesylate, diethylenetriaminepentaacteic acid, menadione sodium bisulfite, paraquat (methyl viologen), tertbutylhydroperoxide (tBOOH) and PMSF were purchased from Sigma. IPTG, X-Gal and oligonucleotides were purchased from Eurobio. Restriction enzymes, Taq DNA polymerase, dNTPs and [a-32 P]dATP were purchased from Amersham Biosciences. PCR reactions were performed with PCR Master Mix (Eppendorf). T4 DNA ligase was purchased from Roche Diagnostics.
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . The Ent. faecalis strain JH2-2 (Jacob & Hobbs, 1974; Yagi & Clewell, 1980) and its derivatives were grown at 37 uC in M17 medium 
TCATAATGGGGAAGGCCATC (Terzaghi & Sandine, 1975) supplemented with 0?5 % glucose (GM17). Standing and aerated cultures were grown in 30 ml tubes and 100 ml Erlenmeyer flasks, respectively, filled with 10 ml GM17 medium. Aerated cultures were incubated at 37 uC with vigorous shaking (150 r.p.m.). In the case of anaerobic cultures, the GM17 medium was bubbled with nitrogen for 3 h prior to use, and the absence of oxygen was controlled with a Clark electrode (Jeulin). When required, erythromycin (100 mg ml 21 ) was added. E. coli strains were cultured with vigorous shaking at 37 uC in LB medium (Sambrook et al., 1989) with ampicillin (100 mg ml
21
) or erythromycin (300 mg ml 21 ), when required.
Challenge conditions. Exponentially growing culture (10 ml) (OD 600 0?5) was harvested by centrifugation and resuspended in 10 ml of either fresh GM17 medium (H 2 O 2 challenges) or 0?9 % (w/v) NaCl (menadione and tBOOH challenges) containing the stressing agent. These cultures were placed into a 37 uC water bath, and at the desired time point, samples were taken and rapidly diluted in 0?9 % NaCl. Viability was determined by spreading 0?5 ml of appropriate serial dilutions on GM17 agar (1?5 %, w/v) and c.f.u. were determined after 48 h incubation at 37 uC. Killing by H 2 O 2 was assessed as the percentage of surviving colonies in comparison with unchallenged cells.
General molecular methods. Molecular cloning and other standard techniques were performed essentially as described by Sambrook et al. (1989) . E. coli and Ent. faecalis were transformed by electroporation using Gene Pulser Apparatus (Bio-Rad Laboratories). Plasmids and PCR products were purified using Qiagen kits.
Mapping of the transcriptional start site. The 59 end of sodA mRNA was mapped from a 59 rapid amplification of cDNA ends (RACE)-PCR product obtained with the 39/59 RACE kit (Roche Diagnostics). For this purpose, we used total RNA extracted from Ent. faecalis JH2-2 cells cultured with aeration and harvested 1 h after the onset of stationary phase. Briefly, the first strand cDNA was synthesized using the primer RACE1, AMV reverse transcriptase and the deoxynucleotide mixture of the 39/59 RACE kit as recommended by the manufacturer. After purification and dA-tailing of the cDNA, a nested PCR using the oligo dT-anchor primer and the specific sodA RACE2 primer was carried out. The PCR product was purified and sequenced by the dideoxy chain-termination method with the ABI Prism sequencing system (PE Biosystems) using primer RACE3 (Table 1) .
Analysis of mRNA by Northern blot experiments. Total RNA of Ent. faecalis JH2-2 strain was isolated using the RNeasy Midi kit (Qiagen). For Northern blots, 10 mg per lane of total RNA was electrophoretically resolved and transferred onto Hybond-N + membranes (Amersham Biosciences) using standard procedures (Sambrook et al., 1989) . Sizes of transcripts were estimated by comparison with an RNA ladder (0?56-9?4 kb) (Amersham Biosciences). Membrane-bound nucleic acids were hybridized at a temperature of 55 uC in 1 M sodium phosphate buffer (pH 7?0) containing 5 % (w/v) SDS with a single-strand labelled probe complementary to sodA mRNA. After hybridization, membranes were washed twice in 26 saline sodium citrate (SSC), 0?1 % SDS (10 min), twice in 0?56 SSC, 0?1 % SDS (10 min) at 55 uC, and exposed to a storage phosphor screen (Packard Instrument Company).
Preparation of the single-strand labelled probe was as follows. First, a DNA fragment was amplified by PCR from chromosomal DNA of Ent. faecalis JH2-2 with the primers sod1 and sod2 (see Table 1 for the sequences of the primers). The probe was then synthesized by elongating the specific oligonucleotide sod2 ( Construction of a DsodA mutant. A sodA mutant was constructed by a gene replacement event using a method based on the conditional replication of the pORI 19-1 /pG + host 3 system (Law et al., 1995) . A 425 bp sodA internal DNA fragment was amplified by PCR using total DNA of Ent. faecalis JH2-2, and primers sod1 and sod2 containing PstI and KpnI sites, respectively ( Fig. 1 , Table 1 ). This PCR fragment was digested by the two enzymes and then cloned into pORI 19-1 previously digested by PstI and KpnI, and finally transformed into electrocompetent cells of E. coli EC101. The resulting plasmid was used as DNA template to perform a second PCR using primers sod3 and sod4, each harbouring a BamHI site at the 59 end (Fig. 1 , Table 1 ). Amplification with these oligonucleotides introduced two stop codons and a central deletion of 8 bp in the coding sequence of sodA. The resulting PCR product was digested with BamHI, purified, and ligated to obtain a circular plasmid which was then used to transform E. coli EC101. Recombinant pORI 19-1 plasmids carrying the JH2-2 chromosomal mutated DNA fragment were used to transform Ent. faecalis JH2-2 in which plasmid pG + host 3 (pVE6007) (Maguin et al., 1992) encoding a thermosensitive RepA protein had previously been introduced. After electroporation, the two plasmids were maintained together at the permissive temperature of 30 uC by plating cells on GM17 agar medium containing erythromycin (Em) and chloramphenicol (Cm). Several clones were grown for 1 h at 30 uC in GM17 broth without antibiotic and then incubated for 3 h at 42 uC before being plated on GM17 agar medium containing only Em. After 48 h at 42 uC, some Em R clones were transformed with the helper plasmid pG + host 3 . After 100 generations at 30 uC on GM17 broth containing Cm, the resulting transformants were grown for 1 h at 30 uC on GM17 without antibiotic and transferred to 42 uC for 3 h, before being plated on solid GM17 medium and incubated at 42 uC. Following this step, Em-sensitive clones were screened for the presence of the mutated sodA allele by PCR and restriction analysis.
Complementation of the sodA mutant. For the complementation assays, a DNA fragment containing the entire sodA gene as well as upstream (1012 bp) and downstream (1100 bp) sequences, obtained by PCR (Triple Master Polymerase Mix, Eppendorf) using primers sodMad1 and sodMad2, was cloned into plasmid pMAD (Table 1 ). Recombinant plasmid (1 mg) was finally used to transform competent cells of the Ent. faecalis sodA mutant. After electroporation, 300 ml of cell suspension was plated onto GM17 agar containing 150 mg Em ml 21 and 80 mg X-Gal ml
. The plates were incubated for 48 h at 30 or 37 uC. In both cases, a few dark-blue colonies were obtained and analysed for the presence of the plasmid by PCR using primers mad1F and mad2R. Several of these blue colonies were then cultured twice in GM17Ery liquid medium at 45 uC overnight. In a next step, the cultures were used to inoculate (0?05 %, v/v) GM17 liquid medium without antibiotic. The tubes were incubated for 4 h at 30 uC, followed by incubation at 42 uC overnight. This step was repeated four to five times. Serial dilutions of the culture were plated on GM17 agar containing 80 mg X-Gal ml 21 and incubated for 48-72 h at 45 uC. Among a vast majority of dark-and light-blue clones, 0?1-0?3 % white colonies were present, and represented candidate clones resulting from a double-crossover event. These white colonies were isolated on GM17 agar with or without Em. Antibiotic-sensitive clones were analysed by PCR for the presence of an intact sodA gene.
Preparation of cell extracts, PAGE, and SOD activity detection. Cultures of Ent. faecalis JH2-2 and its DsodA derivative were harvested by centrifugation, the pellets were washed once in 50 mM Tris, 1 mM EDTA (pH 7?0), and finally resuspended in 50mM Tris, 1 mM EDTA, 100 mM NaCl, 0?14 mM PMSF (pH 7?0). Glass beads (0?1-0?25 mm diameter) were added, and the cells were disrupted by vortexing for 5 min. The samples were chilled on ice, and the extraction procedure repeated. After centrifugation for 10 min at 6700 g to remove unbroken cells, the supernatants were transferred to new tubes. Protein concentration was determined by the method of Lowry et al. (1951) . Non-denaturing PAGE was carried out according to the protocol of Laemmli (1970) , except that SDS and mercaptoethanol were omitted. Equal amounts of protein (30 mg) were loaded in each lane. In each assay, one gel was stained with Coomassie brilliant blue for total protein detection, and a second one was used to determine SOD activity according to the protocol of Beauchamp & Fridovich (1971) .
Survival assays in mouse peritoneal macrophages. Survival of Ent. faecalis in mouse peritoneal macrophages was tested using an in vivo-in vitro infection model, as described previously (Verneuil et al., 2004) . Briefly, the Ent. faecalis DsodA mutant and JH2-2 wild-type strain were grown aerobically at 37 uC in brain heart infusion (BHI) for 16 h. Then, the bacteria were harvested by centrifugation and resuspended in a volume of PBS sufficient for injection. Male BALB/c mice (10 weeks old; Harlan Italy) were infected with 10 7 -10 8 cells of each strain by intraperitoneal injection. After a 6 h infection period, the peritoneal macrophages were collected by peritoneal lavage, centrifuged and suspended in Dulbecco's modified Eagle's medium (DMEM) containing 10 mM HEPES, 2 mM glutamine, 10 % bovine fetal serum, and 16 non-essential amino acids, supplemented with vancomycin (10 mg ml 21 ) and gentamicin (150 mg ml
). The cell suspension was dispensed into 24-well tissue-culture plates, incubated at 37 uC under 5 % CO 2 for 2 h, and bacterial survival was monitored at 24, 48 and 72 h after infection.
RESULTS
Genomic context and mapping of the transcriptional start site of the sodA gene Analysis of the Ent. faecalis V583 sequence (The Institute of Genomic Research, http://www.tigr.org) revealed the presence of only one gene (EF0463) that encoded a protein highly similar to SODs from evolutionarily closely and distantly related organisms. The corresponding polypeptide of 202 amino acids had a predicted molecular mass of 22?7 kDa and a calculated pI of 4?8. The four Mn 2+ metal ion binding residues characteristic of MnSOD were conserved (Parker and Blake, 1988) . Eight nucleotides upstream of the initiation codon ATG and 9 nt downstream of the TAA stop codon, a potential ribosomal binding site (RBS) sequence (AGGGGGA) and a 27 bp inverted repeat (DG 25 u C =246?6 kcal mol 21 (2194?8 kJ mol
21
), which could function as a Rho-independent terminator, were found, respectively (Fig. 1) . The enterococcal sodA gene is flanked 193 nt upstream by a divergently transcribed gene encoding a hypothetical protein and 148 nt downstream by a gene encoding a putative diaminopimelate epimerase (DAPE) transcribed in the same direction as the sodA gene. The presence of the Rho-independent strong terminator between the two genes strongly suggested a monocistronic operon structure for the sodA gene, which was confirmed by Northern blot analysis. Indeed, a unique transcript of approximately 0?6 kb was detected (Fig. 1) .
The transcriptional start site was determined by 59 RACE-PCR. It was identified as G, T or T located between 47 and 49 nt upstream of the start codon (Fig. 1) . Upstream of this start point, a putative extended 210 box was found that matched nine of the ten bases (TGNTATAAT, matches underlined) with the consensus sequence (Burr et al., 2000) . A potential 235 box was also present 17 bp upstream of the second T of the extended 210 box. However, only the first three bases matched with the consensus sequence (TTGACA).
Phenotypic characterization of a sodA deletion mutant
To examine possible phenotypic effects of SODA deficiency, the wild-type gene was replaced with a mutated copy of sodA containing stop codons and a central deletion as described in Methods. Fig. 3 (A) shows that no residual SODA activity could be detected in the DsodA mutant strain. The growth behaviours of the wild-type and mutant strains in standing culture were essentially identical ( Fig. 2A) , and under aerated conditions the DsodA mutant showed only a slight retardation in growth compared with the wild-type strain. This experiment was repeated, but in the presence of 2 mM H 2 O 2 . As can be seen from Fig. 2(A) , both strains were similarly blocked in growth during the first 3 h under these conditions, but the mutant was more affected than the wildtype strain beyond this time point. Indeed, the wild-type strain regained a comparable growth rate (m=1?2 h
21
) and entered stationary phase at a final OD 600 comparable to that of unstressed cells, whereas the DsodA strain continued over the entire experiment to grow at a significantly reduced growth rate (m=0?6 h 21 , instead of 0?9 h 21 for unstressed cells) in the presence of H 2 O 2 .
Next we analysed survival after treatment with different oxidants. Wild-type cells were completely resistant to exposure to 50 mM of the redox-cycling agent menadione, whereas this treatment killed nearly 99?99 % of the DsodA mutant cells after 30 min of exposure (Fig. 2B) . It is noteworthy that the most commonly used redox-cycling agent paraquat did not significantly affect the viability or growth rate of the wild-type or the DsodA mutant. Indeed, after 30 min of treatment, 90 % viable cells could be recovered in both cases (results not shown). The DsodA mutant was several orders of magnitude more sensitive than the isogenic parental strain to the organic hydroperoxide tBOOH (Fig. 2C ). In the case of H 2 O 2 , different concentrations were analysed, since in E. coli, it has been shown that killing by H 2 O 2 is bimodal (Imlay & Linn, 1986) , i.e. low (1-2 mM for mode-one killing) and high (>20 mM for mode-two killing) concentrations of H 2 O 2 are more lethal than intermediate concentrations. This was not the case for Ent. faecalis, since the lethality of H 2 O 2 increased with increasing concentrations of this oxidant for the two strains (Fig. 2D ).
Complementation assays
In order to verify that the observed physiological effects were the consequence of the deleted sodA gene, a complemented strain was constructed using the pMAD vector. This shuttle vector carries a lacZ gene of Bacillus stearothermophilus, which allows quick colorimetric blue/white discrimination on X-Gal plates of bacteria which have lost the plasmid (Arnaud et al., 2004) . It has recently been shown that this vector is a valuable tool for the construction of deletion mutants in several Gram-positive bacteria, although not in streptococci, enterococci and lactococci, in which the thermosensitive (ts) pE194 origin of replication is obviously non-functional (Arnaud et al., 2004) . Despite this restriction, we tried to use the pMAD vector as a suicide plasmid for Ent. faecalis. After transformation with the vector harbouring the wild-type sodA gene as well as surrounding sequences, only a few dark-blue colonies were obtained, despite the use of a high amount of recombinant plasmid (see Methods for more details). This result was expected for a non-replicative suicide plasmid. However, several subsequent observations seemed to indicate that the pE194 origin is at least partially functional and even thermosensitive in Ent. faecalis. First, the plasmid was very rapidly lost from the cells if the culture had been grown at 45 u C, the restrictive temperature for the pE194ts origin. Indeed, after overnight growth at 37 u C without selection, the vast majority of colonies were white, and the analysed clones harboured exclusively the mutated allele of the sodA gene. This result may be explained by assuming that the plasmid was replicative under these conditions. Second, when grown for several generations at 45 u C (origin pE194 nonfunctional) in the presence of Em, it was very difficult to lose the plasmid. This result may be explained by assuming that the plasmid was integrated into the chromosome by homologous recombination. Only by successive cycles of growth at 30 u C followed by 45 u C, as described in Methods (but not with growth at 30 or 37 uC alone), could white colonies be obtained after four to five cycles. Several showed the presence of the wild-type allele, as judged by PCR analysis using primers sod1 and sod2. Finally, using 1 ml of supernatant of crude extracts of a culture obtained from a blue colony in a transformation experiment resulted in a high number of transformants in E. coli. The combined results demonstrated that the pMAD vector is also an interesting tool for Ent. faecalis, and a growing number of constructions have now been successfully done with this tool in our laboratory.
Three of the complemented sodA mutants were analysed for SOD activity, and all three were positive (Fig. 3A) . Furthermore, complementation restored resistance to H 2 O 2 exposure (Fig. 3B) . This demonstrates that the important physiological alterations described in this study were due to the inactivation of the sodA gene.
Sensitivity to H 2 O 2 is dependent on the oxygen status of the environment Sensitivity towards H 2 O 2 was, particularly for the wild-type strain, highly dependent on the level of oxygen in the environment. In the absence of O 2 during growth and challenge, the survival after 20 min of treatment of the wildtype strain was comparable with that of the DsodA mutant (Fig. 4A, B) . When these experiments were conducted in the presence of O 2 , the Ent. faecalis wild-type strain displayed a tremendous increase in survival of nearly three orders of magnitude after 20 min of treatment compared with the results obtained under anaerobiosis (Fig. 4A) . The DsodA mutant showed this oxygen effect only in the first 10 min Fig. 4 . Survival in the presence of 25 mM H 2 O 2 of Ent. faecalis wild-type (A) and DsodA mutant (B) strains grown and challenged under aerated (open symbols) and strict anaerobic (closed symbols) conditions in the presence (squares) or absence (circles) of deferoxamine. The results obtained using aerobic cultures in the presence of deferoxamine were repeated using the cell-penetrant iron chelator diethylenetriaminepentaacetic acid, and comparable results were obtained. All data represent mean values derived from at least three independent experiments, and SD (bars) is indicated. (C) Decrease in survival of Ent. faecalis wild-type strain JH2-2 with increasing time of exposure to anaerobiosis before challenge. Cultures were challenged either immediately (1) or exposed for 90 s (2), 150 s (3), 5 min (4) or 10 min (5) to nitrogen, and then challenged without agitation with 35 mM H 2 O 2 for 30 min. Survival of the DsodA mutant strain after exposure for 10 min to anaerobiosis prior to challenge is also shown (6). In all cases, cells were cultured with agitation. After centrifugation they were resuspended in fresh GM17 medium. (D) Results obtained with cultures of the wild-type (1, 2) and DsodA mutant (3, 4) grown under strictly anaerobic conditions and immediately challenged (20 min) with agitation with 35 mM H 2 O 2 . These experiments were conducted in the absence (1, 3) and presence (2, 4) of deferoxamine. Survival of the wild-type strain grown and challenged under aerobic conditions is also shown (5).
of treatment, but thereafter aerobically grown cells were nearly as sensitive as anaerobically grown cells after 20 min of treatment (Fig. 4B) .
The transition from a resistant to a sensitive cellular state seemed to be a very rapid process in Ent. faecalis. This was shown by a kinetic study using wild-type cells grown with agitation and harvested in the exponential growth phase. In these experiments, the time of exposure to anaerobiosis before the H 2 O 2 challenge was varied between 0 and 10 min (Fig. 4C) . The sensitivity of the wild-type strain increased in a time-dependent manner in these experiments. After 10 min of exposure to anaerobiosis, the cells were as sensitive as cultures grown and challenged under anaerobiosis. Interestingly, the contrary, i.e. the transition from a sensitive to a resistant cellular state, seemed to be even more rapid. This was obvious from the experiments conducted with cultures grown under nitrogen atmosphere and immediately challenged under aerobic conditions (Fig. 4D) . Unexpectedly, the wild-type and mutant cells were as resistant or slightly more resistant, respectively, as cultures grown and challenged under aerobic conditions (compare Fig. 4A, D) .
The iron chelator deferoxamine protects cells under anaerobic but not under aerobic conditions
Deferoxamine is an iron chelator that binds free Fe 3+ and, in the presence of oxygen, both binds and promotes the oxidation of Fe 2+ . It has been shown that this compound enters into E. coli cells and protects them from damage by H 2 O 2 by binding the intracellular free iron that would otherwise catalyse the Fenton reaction (Keyer & Imlay, 1996) . The effect of deferoxamine in Ent. faecalis was tested, and the results are shown in Fig. 4(A, B) . When cells were grown and challenged under strict anaerobic conditions, the wild-type and, to a lesser degree, the DsodA mutant strains were highly protected by 0?1 mM of the chelator. After 20 min of treatment, survival increased by three and two orders of magnitude, respectively, for the two strains in comparison with cultures not treated with the chelator. In contrast, virtually no protection by deferoxamine using 0?1 mM or even 20 mM, or by 1 mM diethylenetriaminepentaacteic acid, another cell-penetrant iron chelator (Touati, 2002) , was observed with cultures challenged under aerobic conditions. However, in contrast to the cultures grown and challenged under aerobic conditions which were not protected by iron chelators, cultures of the wild-type and the DsodA mutant grown under nitrogen atmosphere and immediately challenged under aerobic conditions were slightly protected by deferoxamine (Fig. 4D) .
SODA is necessary for survival within murine macrophages
Ent. faecalis has been identified in recent years as a major component of hospital-acquired infections. In general, non-professional phagocytes are the first defence against invading pathogens, and the ability to avoid or survive phagocytic attack is thus very important for a pathogen. Since, during phagocytosis, phagocytic cells generate superoxide and other ROS, which are involved in antibacterial activity (Hassett & Cohen, 1989) , we were interested to compare the intracellular survival of the DsodA mutant and the wild-type strain inside infected mouse peritoneal macrophages. The uptake was similar for both strains, since 6610 5 and 4610 5 c.f.u. were recovered immediately after infection with the wild-type and the DsodA mutant, respectively. As can be seen from Fig. 5 , the DsodA mutant was killed more rapidly over the 72 h time-course of the experiment than its wild-type counterpart. At the end of the experiment, the ratio of the survival of the wild-type and the mutant strain was nearly 400. This demonstrated that the MnSOD of Ent. faecalis is also important for survival in the toxic macrophage environment.
DISCUSSION
Ent. faecalis contains a single MnSOD that has been well characterized at the biochemical level (Gregory & Fridovich, 1973; Britton et al., 1978) . This enzyme has a molecular mass of 45 000 Da and is composed of two subunits. It contains 1?3 atoms of manganese per molecule (Britton et al., 1978) , and it is rapidly induced when cells are shifted from anaerobiosis to hyperbaric oxygen conditions (Gregory & Fridovich, 1973) . However, no genetic studies investigating the involvement of this enzyme in the oxidative stress response of Ent. faecalis have been performed.
A mutant was constructed by replacing the wild-type gene with a mutated copy of sodA. The resulting mutant had no significant growth defect in comparison with its wild-type counterpart when grown in standing or aerated cultures. It has been shown for other bacterial species that the sensitivity of SOD mutants to oxygen varies greatly, ranging from no effect to a strong effect on aerobic growth (Touati, 2002) .
Ent. faecalis is known as a potent producer of extracellular O N{ 2 when exposed to aerobic conditions (Huycke et al., 1996) . Biosynthesis of demethylmenaquinone by this bacterial species is supposed to be responsible for this phenomenon (Huycke et al., 2001) (Carlioz & Touati, 1986; Poyart et al., 2001) . Since only insignificant differences in growth characteristics were observed between the wild-type and the DsodA mutant, it may be concluded that the quantity of ROS produced by Ent. faecalis is too low to cause significant damage. We showed that a H 2 O 2 concentration of 2 mM was necessary to induce significant inhibition of growth, and that the DsodA mutant was more sensitive to this treatment.
As expected, the DsodA mutant was also more sensitive to the redox-cycling agent menadione. In contrast, the wildtype as well as the mutant strain were highly resistant to paraquat in growth and survival experiments. It has been shown for Streptococcus thermophilus (Chang & Hassan, 1997) , Bacillus subtilis (Inaoka et al., 1998) and Listeria monocytogenes (Pedras Vasconcelos & Deneer, 1994 ) that paraquat fails to act as an inducer for SODs; however, effects on growth or survival were not studied. As demonstrated in E. coli, paraquat penetrates cells by means of active transport (Touati, 2002) . The absence of such a transport system in Ent. faecalis may explain its extraordinary resistance to this agent.
The survival of the Ent. faecalis DsodA mutant was also more affected by exposure to peroxides (tBOOH and H 2 O 2 ), at least when oxygen was present. A higher sensitivity of SOD mutants to H 2 O 2 has also been reported for E. coli (Carlioz & Touati, 1986) and Streptococcus agalactiae (Poyart et al., 2001) . However, as we showed for Ent. faecalis, sensitivity towards H 2 O 2 of the wild-type strain varied greatly with oxygen conditions, and in the absence of oxygen the wildtype strain was nearly as sensitive as the DsodA mutant.
Under anaerobic conditions, deferoxamine protected the wild-type and the mutant strain efficiently against the lethal effects of H 2 O 2 exposure. Due to the known action of deferoxamine as a potent iron chelator, it can be supposed that cells exposed to strict anaerobiosis have high chelatoraccessible iron levels. This iron may be the basis, via the Fenton reaction, for the generation of the highly reactive and deleterious OH N radical, and this may explain the high (Welch et al., 2002) . This suggestion is supported by the experiments conducted with deferoxamine on cultures grown under anaerobiosis and immediately challenged with vigorous agitation. These cultures were slightly protected by deferoxamine, demonstrating that the cells still contained traces of Fenton-reactive iron. In conclusion, there may be less Fenton reaction under aerobic conditions, which is in good agreement with the much better survival of the wild-type strain under aerobic in comparison with anaerobic conditions. However, the SODA-deficient strain did not show such an impressive increase in survival when challenged with H 2 O 2 in the presence of oxygen.
The shift experiments showed that the transition between a H 2 O 2 -resistant and a peroxide-sensitive cellular state was very rapid in Ent. faecalis. From these observations it may be speculated that Ent. faecalis has sophisticated mechanisms for the regulation of intracellular iron. The ability to reduce or rapidly eliminate Fenton-reactive iron from the cells or the region around the chromosomal DNA when Ent. faecalis senses oxygen may correspond to an efficient survival strategy against oxidative stress. One explanation may be found in the sequestration of iron by the E. coli protein Dps (Almiron et al., 1992) . This protein has structural similarity to the iron-storage protein ferritin (Grant et al., 1998; Zhao et al., 2002) , and the latter authors have found that Dps prevents DNA damage in E. coli through its capacity to bind Fe(II), and prevents the formation of OH N . Two Dps family proteins are present in the genome of the Ent. faecalis V583 strain.
Our results demonstrated that SODA of Ent. faecalis plays a central role in the oxidative stress response, not only towards superoxide but also peroxides. Several studies have shown that Ent. faecalis can survive relatively well in mouse peritoneal macrophages, whereas E. coli is rapidly killed under these conditions (Gentry-Weeks et al., 1999; Verneuil et al., 2004) . This ability may play a pivotal role in infection and disease. Indeed, it has been hypothesized that survival and sequestration within macrophages contribute to the pathogenesis of Ent. faecalis infections (Jett et al., 1994) . NADPH oxidase, which is present in the phagolysosomal membrane, catalyses the conversion of oxygen to O N{ 2 , which is subsequently converted to ROS. Exposure to these ROS is the main stress situation that a pathogen has to resist inside an infected host. Relatively little is known of the activities that permit Ent. faecalis wild-type cells to withstand the oxidative burst. Recently, hypR has been identified as the main transcriptional regulator of the oxidative stress response of Ent. faecalis, and survival of a hypR mutant is severely affected within macrophages (Verneuil et al., 2004) .
We showed in this study that the MnSOD of Ent. faecalis is important to resist these conditions. An increased susceptibility to killing by mouse bone-marrow-derived macrophages of a DsodA mutant has also been demonstrated for S. agalactiae (Poyart et al., 2001) . Interestingly, it has been shown by real-time PCR experiments that HypR seems to slightly regulate expression of sodA in Ent. faecalis (Verneuil et al., 2005) , suggesting that the reduced survival capacity of the hypR mutant may be due, at least partly, to the decrease in sodA expression.
Considering the results of the survival of both strains after H 2 O 2 treatment in the presence or absence of O 2 , the inactivation of the bacteria inside the phagocytic cells resembles survival data obtained under aerated conditions. Phagocytic cells contain oxygen, the basis for the formation of ROS by these cells (Hassett & Cohen, 1989) . We showed that Ent. faecalis is characterized by a low content of chelator-accessible iron under these conditions, and this could be at the basis of its high resistance to the oxidative burst inside macrophages. Identification of the mechanisms allowing this bacterium to regulate its intracellular iron content is an exciting challenge from a fundamental point of view, but may prove important for clinical purposes also.
